Different combinations of essential oils from cinnamon, cloves, oregano, and thyme were evaluated in vitro for their bactericidal activity against enterotoxigenic Escherichia coli (ETEC). The solutions containing cinnamon (0.03%), oregano (0.16%), and thyme (0.08%) (P1); and clove (0.08%), oregano (0.33%), and thyme (0.04%) (P2), exhibited high bactericidal activity, and were selected for use as preservatives in ground beef inoculated with ETEC and refrigerated. The two preservative solutions (P1 and P2) exhibited significant bactericidal action (p < 0.05) on ETEC, with ETEC reductions of 1.03 and of 0.87 LogUFC/g in the beef samples treated with P1 and P2, respectively. GC-MS analysis of the oil mixtures showed both preservatives to contain significant concentrations of carvacrol. Chromatic degradation was not observed in the samples treated with preservatives. Essential oil mixtures thus concocted are therefore potential preservative candidates in ground beef, as they are capable of controlling ETEC contamination while preserving the products' coloration.
Introduction
Escherichia coli is a facultatively aerobic bacteria that can be found in the intestinal microbiota of humans and warm-blooded animals. It is considered to be an innocuous commensal bacterium; it can, however, cause a variety of infections.
There are three clinical syndromes resulting from infections with pathogenic strains of E. coli: urinary tract infection, meningitis/sepsis, and diarrheal condi- strains that endow this bacterium with greater transmissibility and infectious capacity [3] , highlighting its importance as an emerging human pathogen and now ETEC is recognized as a common cause of foodborne outbreaks in childrens and adults [4] .
Although various products have been associated with outbreaks of food-borne diseases, infections caused by E. coli are mainly caused by consumption of contaminated meat and water. During animal slaughter, even with good manufacturing practices, microbiological contamination of bovine carcasses is often evident, and E. coli is the most frequently found microorganism. In addition to contamination during slaughter, inadequate handling of meat further increases contamination [2] . Consumption of ground beef stands out, as it is a popular product used in meals in practical and diverse ways. Due to some of its intrinsic characteristics, meat, and especially ground meat constitute a rich medium for microbial growth.
Various strategies have been used and suggested for increasing the shelf-life and safety of meat products in the food industry. The use of natural antimicrobial agents and antioxidants has been greatly cited, with essential oils progressively assuming a prominent role [5] [6] .
Essential oils are formed by a number of plant species, and are derived from secondary metabolic processes. They are complex mixtures of volatile, lipophilic, generally odoriferous liquid substances that may contain up to 60 different components in various concentrations. However, they are commonly found to contain two or three predominant components (20% -70%) [7] .
Most essential oils consist of components from the class of phenylpropanoids or terpenoids, with a predominance of the latter [8] . They have antimicrobial properties on various microorganisms and have been shown to be antioxidants [9] [10] [11] [12] .
Essential oils derived from plants used for spice production are classified as "generally recognized as safe (GRAS)" and widely accepted by consumers [13] [14]. In addition, they are classified as natural flavorings and their permitted use However, for an essential oil to maintain its high antimicrobial activity when added to foods, its concentration must normally be greater than the concentration required for antimicrobial activity in vitro. Jayasena & Jo [15] , in a review study, show that, in most antimicrobial evaluations of essential oils in meat products, only one essential oil is used and usually at high concentration, as shown in the study with ground beef, that was necessary more than 1% of essential oil of two species of Thymusto inhibit the growth of E. coli, Salmonella thyphimurium and Staphylococcus aureus [16] . This often leads to decharacterization of the food products and therefore to difficulty in using essential oils as food preservatives. An alternative to this problem is the study of the synergistic antimicrobial activity of diverse essential oils.
In this sense, the aim of this study was to evaluate the antimicrobial effect of two preservatives, prepared from the essential oils of Thymus vulgaris, Cinnamomum cassia, and Origanum vulgare L., and from those of T. vulgaris, Syzygium aromaticum, and O. vulgare, on enterotoxigenic Escherichia coli inoculated in refrigerated ground beef, as well as the oil blends' influence over the chromatic characteristics of the meat.
Materials and Methods

Essential Oils
The essential oils used were acquired from Ferquima Indústria e Comércio Ltda 
In Vitro Bactericidal Action of the Combinations of Essential Oils on ETEC
The antimicrobial activities of different combination of essential oils of cinnamon, cloves, oregano, and thyme on ETEC were evaluated.
The essential oils, combined three by three, were evaluated at different proportions ( Table 1 ).
The minimum bactericidal concentration (MBC) of the essential oil combinations was determined on 96-well plates. The oil combinations were prepared in TSB with the addition of 0.5% Tween 80 in the proportions shown in Table 1 .
150 µL of the prepared solutions were subsequently added to the microplate wells, along with 10 µL of the standardized culture. The microplates were sealed and incubated in a B.O.D. chamber at 37˚C for 24 hours and subsequently plated by microdrop on TSA, which was then followed by incubation at 37˚C for 24
hours.
The experiment was conducted in triplicate with three replications, using positive Table 1 . Proportions used for preparation of the combinations of essential oils for evaluation of bactericidal activity in vitro on enterotoxigenic Escherichia coli. 
Bactericidal Action of the Combinations of Essential Oils on ETEC Inoculated in Ground Beef
The two combinations that showed the best bactericidal action with the lowest concentrations of essential oils, based on greater in vitro bactericidal activity, were then selected: preservative 1 (P1) containing 0.03%; 0.16% and 0.08% of the cinnamon, oregano and thyme, respectively and preservative 2 (P2) containing 0.08%; 0.33% and 0.04% of the clove, oregano and thyme, respectivaly. The essential oil blends were prepared in glycerol, based on 1% solutions of the oils.
The quadriceps femoris beef muscle was used for preparation of the fresh ground bovine meat (acquired in the market city of Lavras, Minas Gerais, Brazil). After disinfecting the surface of the packaging with 70% alcohol, the package was opened, and around 1 cm of the entire surface area was removed so as to use only the inner part. In an aseptic manner, the meat was cut in pieces of approximately 16 cm 2 and ground in a previously sanitized multiprocessor.
Portions of 25 g of ground beef were placed in sterile plastic bags, and 2.5 mL of the preservatives were added (final concentration of 0.27% and 0.45% for preservative 1 and 2, respectively). The samples were homogenized in a Stomacher homogenizer (490 strokes/min) for 3 minutes. After homogenization, the portions were inoculated with 25 µL of standardized ETEC culture (5 LogCFU/g), the plastic bags were sealed, and once more homogenized. A negative control was prepared, containing only ground beef, and a positive control, with ground beef and inoculum.
The samples were stored at 7˚C for 120 hours. Samplings were made after 6, 24, 72, and 120 hours of storage. The experiment was performed in triplicate, with three replications.
Quantification of ETEC in Ground Beef
Quantification of ETEC in ground beef was performed by adding 225 mL of 0.1% peptone water (w/v) to the plastic bags containing the 25g portions of ground beef, followed by homogenization in a Stomacher blender (490 strokes/min) for 3 minutes. After that, decimal dilutions in 0.1% peptone water (w/v) were prepared. Aliquots of 0.1 mL of the appropriate dilutions were inoculated in Hecktoen Enteric Agar and incubated at 37˚C for 24 hours, and the typical colonies quantified.
Chemical Analysis of the Combinations of Essential Oils
Chemical analyses of the volatile oils were carried in a gas chromatography system using the Agilent  7890 a chromatograph, operating with an HP GC ChemStation Ver. A.01.14 data processing system, equipped with an automatic injec- 
Statistical Analyses
The experiment was set up in a completely randomized design (CRD) in a 3 × 4 factorial arrangement (3 treatments and 4 storage times). Regression analyses 
Results and Discussion
The data on the antimicrobial action of the different oil combinations tested in vitro on ETEC are shown in Table 2 .
Based on these results, two combinations that joined the triads with the lowest percentages of essential oils and high bactericidal action in vitro on ETEC were selected for preparing the preservatives. Preference for the lowest concentrations was based on general knowledge that the application of essential oils at high concentrations in food, and specifically in meat, may lead to undesirable sensory
Two combinations of essential oils were selected: thyme/cinnamon/oregano (33:33:33) and thyme/cloves/oregano (17:17:67) for analysis in ground beef Table 3. These were designated as preservative 1 (P1) and preservative 2 (P2), respectively.
The action of the essential-oil-based preservatives on ETEC inoculated in ground beef can be observed in Figure 1 . Although there was a significant effect of the preservatives on ETEC in meat, the bactericidal action was less than that observed in vitro. This reduction in antimicrobial activity is widely known, and was compiled in a review article on the use of essential oils as antimicrobial agents in meat and meat products carried out by Jayasena & Jo [15] . Studies show that foods with higher fat contents need greater concentrations of essential oils for antimicrobial activity to be effective, because the oils may migrate toward the fat. In addition, meat proteins exercise a protective effect on the microorganisms, lowering essential oil efficiency [23] [24]. Analyses by GC-MS of the preservatives show 21 and 24 constituents in reference to the combinations of the oils of thyme/cinnamon/oregano (P1) and thyme/cloves/oregano (P2), respectively. Table 4 describes the ten constituents of greatest relative area from analysis of the combinations, which represented 93.61% and 93.55% of the total chemical composition. Both combinations of oils consisted mainly of monoterpenes (more than 76% of the total chemical composition). In both preservatives there was a predominance of carvacrol, a constituent of the essential oil of O. vulgare (73.11%), employed in this study [17] , as well as a high concentration of thymol.
The bactericidal action of preservatives P1 and P2 on ETEC in ground beef may be related to the synergistic action of carvacrol and thymol.
Carvacrol and thymol are terpenoids that have a high capacity for disrupting the external membrane of Gram negative bacteria, probably due to the presence of hydroxyl groups in the phenolic molecule. Studies with carvacrol have shown that its presence in a culture medium promotes the release of lipopolysaccharides from the external membrane and interferes with the permeability of the cytoplasmic membrane to ions [8] . Carvacrol (30 mg/mL) proved to be effective in inhibiting the growth of E. coli inoculated in beef carcass [25] . However, the presence of other components, in addition to carvacrol and thymol, even at low concentrations, may promote synergistic, additive, or antagonistic interactions [26] . In this study, the mixtures of the essential oils of thyme, oregano, and cinnamon (P1) and thyme, cloves, and oregano (P2) led to a reduction in ETEC in ground beef even at low final concentrations(0.27% and 0.45%, respectively) in the product, suggesting synergistic action.
Nevertheless, the two preservatives showed similar performance on inhibiting ETEC growth in ground beef, the essential oil concentration of preservative P1 (0.27%) was 60% of the concentration of preservative P2 (0.45%). This shows that the combination of oils of thyme, cinnamon, and oregano exhibited a great- The preservatives added did not compromise the color of the ground beef, and the product remained with good appearance over the five days of storage (Table 4 ). This result is important, given that color is the first sensory characteristic appraised by the consumer, and its acceptance or rejection determines whether the meat pleases consumers or not [27] .
The red index (a*) is one of the fundamental parameters in the evaluation of the characteristic color of cured meat products, since it denotes the variation from green to red. A sharp decline in the values of a* of the meat without essential oils can be observed in Table 4 , showing the change of its hue from red to greenish. However, in meat with the addition of essential oils, an increase was The chroma (C*) and the hue angle (h*) parameters, both based on the a* and b* values, were significantly affected by the time of storage of the meat without addition of essential oils. The reduction in the values of C* and the increase in h* indicate that the meat lost its intense red coloring. However, the addition of the preservatives had a positive influence on the color of the meat, without significant variation in these values during storage of the ground beef with the addition of P1 and slight variation only in h* in the meat with the addition of P2.
Preservative P1 led to a reduction in L* values, indicating that the meat darkened during the time of storage. In contrast, preservative P2 led to an increase in lightness (L*), and the appearance was better than at the beginning of the experiment. However, the control, which did not have essential oils, showed a positive difference only in regard to lightness (L*).
The antioxidant activity of essential oils is widely known, and this activity is an important factor in maintaining the color of meat and meat products [28] . It is known that one of the factors that causing degradation of the coloring of meat is associated with the presence of free radicals that lead to production of aldehydes. They promote oxidation of myoglobin and oxymyoglobin, leading to the formation of metmyoglobin, imparting a brown color to the meat [29] .
The combinations of essential oils had synergistic antimicrobial effects on ETEC in the study in vitro and, when added to ground beef, this effect continued, although in a reduced manner. The use of combinations of essential oils 
Conclusion
Preservative P1 containing oils of thyme, cinnamon, and oregano had better performance than preservative P2 against ETEC. The two blends of essential oils used in ground beef showed significant action both as preservatives and antioxidants, maintaining the color of ground beef at 7˚C for 5 days.
